Computational results are reported for the ground and low-lying excited electronic states of Al 3 − and Al 3 and compared with the available spectroscopic data. In agreement with previous assignments, the six photodetachment transitions observed in the vibrationally resolved 488 nm photoelectron spectrum of Al 3 − are assigned as arising from the ground X hybrid density functional calculations using the 6-311+ G͑3d2f͒ basis set and energies calculated using coupled cluster theory with single and double excitations and a quasiperturbative treatment of connected triple excitations ͑CCSD͑T͒͒ with the aug-cc-pVxZ ͕x =D, T, Q͖ basis sets with exponential extrapolation to the complete basis set limit are in good agreement with experiment. Franck-Condon spectra calculated in the harmonic approximation, using either the SharpRosenstock-Chen method which includes Duschinsky rotation or the parallel-mode Hutchisson method, also agree well with the observed spectra. Possible assignments for the higher-energy bands observed in the previously reported UV photoelectron spectra are suggested. Descriptions of the photodetachment transition between the Al 3 − and Al 3 ground states in terms of natural bond order ͑NBO͒ analyses and total electron density difference distributions are discussed. A reinterpretation of the vibrational structure in the resonant two-photon ionization spectrum of Al 3 is proposed, which supports its original assignment as arising from the X 2 A 1 Ј ground state, giving an Al 3 bond dissociation energy, D 0 ͑Al 2 -Al͒, of 2.403Ϯ 0.001 eV. With this reduction by 0.3 eV from the currently recommended value, the present calculated dissociation energies of Al 3 , Al 3 − , and Al 3 + are consistent with the experimental data.
͑with C 2v labels for D 3h states in parentheses͒. Geometries and vibrational frequencies obtained by PBE0 hybrid density functional calculations using the 6-311+ G͑3d2f͒ basis set and energies calculated using coupled cluster theory with single and double excitations and a quasiperturbative treatment of connected triple excitations ͑CCSD͑T͒͒ with the aug-cc-pVxZ ͕x =D, T, Q͖ basis sets with exponential extrapolation to the complete basis set limit are in good agreement with experiment. Franck-Condon spectra calculated in the harmonic approximation, using either the SharpRosenstock-Chen method which includes Duschinsky rotation or the parallel-mode Hutchisson method, also agree well with the observed spectra. Possible assignments for the higher-energy bands observed in the previously reported UV photoelectron spectra are suggested. Descriptions of the photodetachment transition between the Al 3 − and Al 3 ground states in terms of natural bond order ͑NBO͒ analyses and total electron density difference distributions are discussed. A reinterpretation of the vibrational structure in the resonant two-photon ionization spectrum of Al 3 is proposed, which supports its original assignment as arising from the X 
I. INTRODUCTION
Small aluminum clusters provide a topic accessible to a variety of spectroscopic and computational approaches, enabling the insights gained by each method to check and elucidate the others. While simple enough to be characterized by both wave function theory [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and density functional theory ͑DFT͒, [15] [16] [17] [18] [19] [20] [21] small aluminum clusters also share some properties in common with the more electronically complex transition metal clusters. These include the ability to form both -and -type bonds and the presence of low-energy electronic states with different spin multiplicities. The spectroscopy and reactivity of both types of metal clusters are also enriched by the potentially multivalent character of the bonding, which may involve both 3p and 3s atomic character for Al, or ns and ͑n −1͒d character for transition metals.
Thus, results for these simpler p-block metal clusters are useful complements to studies of the less computationally tractable d-block metal clusters. Spectroscopic and computational studies of small metal clusters have, in addition to their fundamental interest, the broader potential impact of contributing to the development of approximate computational methods capable of predicting the properties of metal catalysts and other technologically important materials incorporating metal nanoparticles. Although this point is often used to motivate the study of clusters, aluminum clusters provide one of the few examples of metallic systems in which this bootstrapping approach has actually been successfully applied to predict size-dependent properties over the entire range of size scales. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] In this series of studies, two of us ͑N.E.S. and D.G.T.͒ and our collaborators have used high-level ab initio wave function theory to predict the geometries, dissociation energies, and other properties of angstro-scale Al n aluminum clusters ͑n =2-7͒. 22 These computational results were used to test DFT methods employing all-electron basis sets, which were applied to larger metal clusters ͑n ഛ 13͒. These results were then added to the database, which served to validate DFT methods employing a valence electron basis set combined with an effective core potential, 25 and this more economical method was applied to yet larger nanoscale particles ͑up to n = 177, which is a 2 nm particle͒. Finally, an expanded training set, incorporating this computational nano-Al database as well as experimental data for the face-centered cubic crystal phase and theoretical data for other crystal habits, was used to develop accurate analytical potential energy functions applicable to the macroscopic scale. 26, 33 These potential functions have been employed to predict the thermodynamic properties of aluminum nanoparticles [31] [32] [33] and the phase behavior of elemental aluminum. 27, 28 This series of studies was motivated by the need for computational methods capable of predicting size-dependent properties, 33, 34 such as melting points, which are important for the further development of technological processes employing aluminum particles, for example as solid rocket propellants.
In this systematic, atom-up computational strategy, the aluminum trimer provided one of the smallest and thus most foundational components. We focus here on a comparison of computational predictions for Al 3 and Al 3 − with experimental measurements from the vibrationally resolved 488 nm ͑2.540 eV͒ anion photoelectron spectrum of mass-selected Al 3 − reported in the preceding paper, 35 which we will call "Paper I," and from other spectroscopic studies. [36] [37] [38] [39] [40] [41] [42] Calculations reported here for the equilibrium geometries and vibrational frequencies of the Al 3 and Al 3 − ground and excited electronic states employ PBE0 hybrid DFT with an allelectron basis set, and energies are calculated by the CCSD͑T͒/CBS ͑complete basis set͒ coupled cluster ͑CC͒ method. Based on these computational results, harmonic Franck-Condon simulations of the photoelectron spectra are generated to test the state assignments proposed in Paper I and to further assess the accuracy of these computational techniques as applied to the ground and excited electronic states of Al 3 and Al 3 − . In the database developed for the aluminum cluster and nanoparticle calculations, the primary property used for fitting was the geometry-dependent atomization energy. 33 Thus, it is a concern that the Al 3 atomization energy of 3.76 eV ͑86.7 kcal/ mol͒ predicted in previous computational studies 4 using state-of-the-art wave function theory that is expected to be accurate is 0.28 eV ͑6.5 kcal/ mol͒ lower than the 4.04Ϯ 0.07 eV value obtained from the experimentally measured D 0 ͑Al 2 -Al͒ ͑Ref. 38 and 39͒ and D 0 ͑Al 2 ͒ ͑Ref. 43͒ dissociation energies. The former value, obtained from the resonant two-photon ionization ͑R2PI͒ spectrum of Al 3 , 38 had been incremented by 0.30 eV in view of the assignment of the initial electronic state probed in this experiment as the excited 4 A 2 state lying 0.30 eV above the ground state. 39 The conflict between experiment and theory for the Al 3 dissociation energy suggests a return to the original assignment of the R2PI spectrum as arising from the Al 3 ground state, 38 and a reinterpretation of the R2PI vibrational structure consistent with this assignment is suggested here.
This manuscript is organized as follows. First, the computational methods used to calculate the ground and excited state properties of Al 3 and Al 3 − and to generate the simulated Franck-Condon spectra are described. The computational results are then presented and compared with the 488 nm ͑Ref. 35͒ and UV ͑Ref. 36 and 37͒ anion photoelectron spectra and with the experimental bond dissociation energy data. 38, 39 The R2PI spectrum 38 of Al 3 is then described and its proposed reassignment is discussed. The different Franck-Condon analysis methods employed in the present set of papers are compared. The transition between the Al 3 − and Al 3 ground states is elucidated through the use of total electron density difference distributions. The final section summarizes the key conclusions.
II. COMPUTATIONAL METHODS

II.A. Electronic structure
The geometry optimizations and harmonic vibrational frequency calculations reported here were performed using the GAUSSIAN software package 44 by self-consistent field ͑SCF͒ calculations with the PBE0 hybrid density functional 45, 46 and the all-electron 6-311+ G͑3d2f͒ basis set. 47 This basis set, in which three d and two f functions are added for each nonhydrogenic atom, is equivalent for Al to the MG3 ͑Ref. 22͒ basis set. The PBE0 method ͑which is specified in GAUSSIAN as PBE1PBE, also known as PBEh͒ retains 100% of the PBE correlation functional but replaces 25% of the PBE exchange functional by Hartree-Fock exchange. 45, 46 This combination of functional and basis set, PBE0/MG3, was found in previous studies to be the most reliable for calculations of small Al-containing molecules among several density functionals and basis sets tested. 22 "Tight" criteria were used for wave function convergence and geometry optimization, and frequency calculations employed ultrafine integration grids. For compatibility with the Franck-Condon analysis program described below, the frequency calculations were run separately and the iop ͑7 / 33 =1͒ keyword ͑which provides high precision in the normal mode Cartesian displacements͒ was included. Electron density plots were prepared with GAUSSVIEW 4.1. Electronic state energies of Al 3 and Al 3 − were also calculated at the PBE0 equilibrium geometries using the CCSD͑T͒ open-shell, single-reference coupled-cluster ͑CC͒ correlation method with single and double excitations and a quasiperturbative treatment of connected triple excitations, 48 as implemented in the MOLPRO software package. 49 The CC method employed here ͓MOLPRO acronym UCCSD͑T͔͒ uses a high-spin restricted Hartree-Fock ͑RHF͒ reference wave function. 50 The CC calculations employed the augmented, correlation-consistent, polarized valence aug-cc-pVxZ, x = ͕D,T,Q͖ double, triple, and quadruple quality basis sets. 51 Calculated energies were extrapolated to the complete basis set ͑CBS͒ limit using the following function, where n = 2, 3, and 4 for the DZ, TZ, and QZ basis sets, respectively, 4, 6 E ͑n͒ = E CBS + A exp͓− ͑n − 1͔͒ + B exp͓− ͑n − 1͒ 2 
͔. ͑1͒
Parameters E CBS , A, and B were adjusted using the EXCEL solver tool to give the minimum value ͑typically ϳ10 −10 ͒ for the sum of the squares of the differences between the three E ͑n͒ values and the total calculated energies obtained with the corresponding basis sets. For brevity, this CCSD͑T͒ / CBS//PBE0 / MG3 method is simply referred to below as the "CC" method. The resulting energy of each excited electronic state of Al 3 or Al 3 − , relative to the ground state energy, was converted using its harmonic PBE0 zero point vibrational energy to obtain the T 0 energies and adiabatic electron affinities reported here, for direct comparison with the spectroscopic results.
II.B. Franck-Condon simulations
Franck-Condon simulations of the vibrational structure associated with each photodetachment transition ͑Al 3 + e − ← Al 3 − ͒ were calculated in the harmonic approximation using the programs FCFGAUS and PESCAL by Ervin, Lineberger, and co-workers. [52] [53] [54] [55] FCFGAUS extracts the required information directly from the output files of the PBE0 GAUSSIAN frequency jobs for the Al 3 and Al 3 − states. The values used are the calculated equilibrium geometry, the atomic mass ͑m Al = 26.981 54 amu͒, and, for each of the three normal modes of a triangular structure, its vibrational frequency, Cartesian atomic displacements, and reduced mass ͑which, in this case, is simply m Al ͒. From these predictions, the J ͑Duschinsky normal mode rotation͒ matrix and K ͑normal mode displacement͒ vectors are calculated following the method introduced by Chen and co-workers. 56, 57 Based on this information, PESCAL calculates Franck-Condon factors for individual vibronic transitions using the generating function method of Sharp and Rosenstock. 58 These calculations include hot and sequence bands arising from the excited vibrational levels of the anion. This method of calculating polyatomic Franck-Condon factors in the harmonic approximation, including Duschinsky rotation, by using the algorithms of Sharp, Rosenstock, and Chen, is referred to below as the "SRC method."
The normal coordinates of the initial anion state ͑QЉ͒ can be expressed in terms of those of the final state of the neutral molecule ͑QЈ͒,
For the present case of a homonuclear triatomic, JЉ and KЉ simplify as follows:
Here, double primes ͑ Љ͒ are used for the initial electronic state of the Al 3 − anion and single primes ͑ Ј͒ for the final state of neutral Al 3 ; superscript T represents a matrix transpose. R is the 9-vector giving the differences ͑Å͒ between the equilibrium atomic positions in the Al 3 − and Al 3 states, each with respect to its own center of mass. The normal mode vector matrix N contains in each of its three columns the nine Cartesian atomic displacements associated with one of the normal modes. These displacements in GAUSSIAN are normalized so that the sum of the squares of the nine values for a given normal mode is 1, 59 and the resulting JЉ matrix is orthogonal.
In C 2v symmetry, with the three normal modes listed in the order 1 ͑A 1 , symmetric stretch͒, 2 ͑A 1 , bend͒, and 3 ͑B 2 , asymmetric stretch͒, Eq. ͑2͒ then gives
Here, the 2 ϫ 2 A 1 block of the block-diagonal JЉ matrix is expressed as a rotation matrix giving the projections of the two A 1 normal coordinates of the anion on those of the neutral molecule. The off-diagonal elements, J 12 =−J 21 , indicate the degree of mixing between the two A 1 modes. For an Al 3 ← Al 3 − photodetachment transition in which one or both states has C 2v symmetry, the off-diagonal JЉ matrix elements involving the B 2 asymmetric stretch, as well as the corresponding element of the KЉ displacement vector, ⌬Q 3 , are zero by symmetry. For a transition between D 3h Al 3 and Al 3 − states, the off-diagonal elements involving the symmetric stretch ͑the only totally symmetric mode͒, as well as the displacements along the degenerate bending and asymmetric stretching coordinates, ⌬Q 2 and ⌬Q 3 , are also zero. In this case, the symmetric stretching displacement, ⌬Q 1 ͑amu 1/2 Å͒, is a simple function of ⌬r ͑Å͒, the equilibrium bond length changes between the two states ͑r anion − r neutral ͒,
For comparison with the Franck-Condon fits to the observed spectra as reported in Paper I, which employed the Hutchisson recursion method, 60 this method is also used here to generate simulated Franck-Condon spectra based on the GAUSSIAN PBE0 results. In this case, the different vibrational modes are treated independently, and Franck-Condon factors for combination bands ͑including transitions from excited anion vibrational levels͒ are obtained by multiplying those for the individual modes. [52] [53] [54] Franck-Condon factors obtained with the Hutchisson method are the same as those predicted by the method of Sharp and Rosenstock 58 with JЉ = E, the identity matrix. This equality expresses the "parallel mode" approximation that the normal mode descriptions are the same in the two electronic states.
When simulating Franck-Condon spectra in the parallel mode approximation, Ervin, Lineberger, and co-workers 53, 54 found that it is more accurate to use the normal mode vectors calculated for the upper state ͑Al 3 ͒ rather than those for the lower state ͑Al 3 − ͒ as in Eqs. ͑2͒-͑5͒. For the present case of a homonuclear triatomic, the equations used by FCFGAUS to obtain displacements ͑KЈ͒ for use in the parallel mode approximation are equivalent to the following:
where
and KЈ = − ͑JЉ͒ T ͑KЉ͒, ͑9a͒
Equation ͑9b͒ illustrates that the KЈ normal mode displacement depends on the normal mode vectors ͑Cartesian atomic displacements͒ of the final ͑neutral͒ state ͑NЈ͒ rather than on those of the initial ͑anion͒ state ͑NЉ͒, as does KЉ ͓Eq. ͑4͔͒.
Equation ͑9a͒
54 is equivalent to Eq. ͑9b͒ since ͑NЉ͒ T ͑NЉ͒ = E due to the scaling ͑noted above͒ of the GAUSSIAN Cartesian atomic displacements. The equilibrium atomic position difference vector, R, in Eqs. ͑4͒ and ͑9b͒ is defined by R = RЉ − RЈ ͑anion minus neutral͒. Thus, a longer bond in the anion than in the neutral molecule corresponds to a positive value of R and thus to an element ͑⌬Q͒ of the normal mode displacement vector that is negative for KЈ and positive for KЉ. The former ͑KЈ͒ sign convention for normal mode displacements agrees with that used in Paper I.
For a transition between D 3h states, Eqs. ͑9͒ again give Eq. ͑6͒ for the symmetric stretching displacement except for the sign change ͑⌬r = r neutral − r anion ͒. For a transition between two C 2v states or between a C 2v and a D 3h state, however, not only the signs but also the magnitudes of KЈ and KЉ can differ. Below, we use the term "parallel mode method" to refer to the calculation of Franck-Condon factors in the harmonic, independent mode approximations, using KЈ displacements and the Hutchisson algorithms.
60
Section SIII of the Supporting Information 61 provides a more detailed description of these Franck-Condon spectral simulation methods, and it includes numerical examples of their applications to two of the photodetachment transitions ͑Y and A͒ discussed below. In addition, through analyses of these representative Al 3 ← Al 3 − photodetachment transitions between essentially D 3h states and between C 2v and D 3h states, it is shown that the Franck-Condon simulation methods 52, 53 used in the present paper to predict vibronic band relative intensities and normal mode displacements ͑KЈ͒ from the equilibrium geometries and vibrational properties predicted by the PBE0 calculations are consistent with those used in Paper I to deduce normal mode displacements and equilibrium bond length changes from fits to the relative vibronic band intensities observed in the photoelectron spectrum. The latter approach, which employs the Wilson GF normal mode analysis method 62 with Hutchisson FranckCondon factors 60 as implemented by PESCAL, 52, 53 is detailed in the Supporting Information for Paper I.
III. COMPUTATIONAL RESULTS
III.A. Al 3
− and Al 3 electronic states Table I summarizes computational results for the lowlying states of Al 3 − and Al 3 with D 3h ͑equilateral triangular͒ or C 2v ͑isosceles triangular͒ equilibrium structures. States in boldface type are assigned below to transitions observed in the 488 nm anion photoelectron spectrum. For D 3h states, the corresponding C 2v symmetry is given in parentheses in Table  I to facilitate comparisons with previous papers in which these labels were used. States with the same term symbol as a lower-energy state are numbered ͑2͒ or ͑3͒ in order of increasing energy among those listed. For all of the states listed, the primarily 3s-derived molecular orbitals ͑MOs͒ have closed-shell occupations labeled ͑1a 1 Ј͒
symmetry. Column 2 shows the electron configurations of the MOs arising primarily from the 3p atomic orbitals ͑AOs͒. These are the "-bonding" out-of-plane 1a 2 Љ orbital ͑1b 1 in C 2v ͒ and the in-plane "-bonding" 2a 1 Ј orbital ͑3a 1 in C 2v ͒, which are both nondegenerate in D 3h . At higher energies are the doubly degenerate in-plane 2eЈ ͑4a 1 ,2b 2 ͒ and out-of-plane 1eЉ ͑2b 1 ,1a 2 ͒ orbitals. MO pictures obtained in the present study ͑not shown͒ are similar to those previously reported for the 1a 1 Ј through 2eЈ orbitals of Al 3 − .
2 Jahn-Teller distorted pairs with single occupation of doubly degenerate eЈ or eЉ D 3h orbitals are indicated in Table  I by braces. As is well-known for similar systems, 7,63-65 distortion of a D 3h Jahn-Teller degenerate state leads to a pair of C 2v structures on the lower adiabatic ͑i.e., BornOppenheimer͒ potential energy surface. One of these is an equilibrium structure and the other is a saddle point ͑having one imaginary vibrational frequency͒ for pseudorotation into the local minimum structure. The saddle point structures are indicated by square brackets in column 1 of Table I and in the text. In addition, we will refer to the equilibrium structure ͑e.g., the 3 B 2 state of Al 3 − ͒ as a "state" or "structure" and to the saddle point ͑e.g., ͓
3 A 1 ͔͒ as a "structure." In Table I , excitation energies ͑T e ͒ calculated using the CC ͑column 3͒ or the PBE0 ͑column 4͒ method have been converted to T 0 values ͑i.e., relative energies including the zero point vibrational energy͒ in the harmonic approximation. For Al 3 , the energies relative to the Al 3 and Al 3 − ground states are both listed. Note that the PBE0 T e energies were calculated by performing separate geometry optimizations for each structure and subtracting the resulting SCF energies; this is sometimes called the "⌬SCF" method. Column 5 of Table I gives the PBE0 geometries in terms of the two identical bond lengths of a C 2v structure ͑three in D 3h ͒ and the included ͑apex͒ bond angle. Parentheses enclose the 60°b ond angles of states constrained to D 3h symmetry in the calculations. The last column gives the PBE0 harmonic vibrational frequencies for the symmetric stretch ͑ 1 ͒, bend ͑ 2 ͒, and asymmetric stretch ͑ 3 ͒. In D 3h states, 2 and 3 are degenerate ͑EЈ͒ and 1 is the only totally symmetric mode ͑ 1 A 1 Ј͒. In C 2v states, 1 and 2 are totally symmetric ͑A 1 ͒ and 3 has B 2 symmetry. Modes ͑ 3 ͒ calculated to have imaginary frequencies are indicated by "i."
For the Al 3 − anion, the entries in Table I include all equilibrium structures and saddle points with C 2v or D 3h symmetry that were found to have energies within 0.7 eV of the ground state. Anion states, which survive the journey down the Ͼ50 cm long, 0.4-0.7 Torr flow tube anion source and are subsequently observed in the 488 nm photoelectron spectrum 35 4 A 2 ͒, were constrained to D 3h symmetry to retain the indicated MO occupations in the PBE0 calculations and to prevent relaxation to lower-energy states with the same C 2v occupied orbital symmetries. The C 2v states listed include four JahnTeller distorted states ͑whose degenerate 2eЈ or 1eЉ D 3h orbital would be singly occupied͒, for each of which results are again tabulated for both the equilibrium and the saddle point structures. In each of these pairs, the former structure has an occupied 2b 2 ͑2eЈ͒ or 1a 2 ͑1eЉ͒ orbital, giving an apex bond angle of Ͼ60°. The latter, saddle point structure has an occupied 4a 1 ͑2eЈ͒ or 2b 1 ͑1eЉ͒ orbital and an apex bond angle of Ͻ60°. This reduced bond angle results in a frequency reversal of the two A 1 vibrational modes in these four Al 3 saddle point structures, with the symmetric stretch of the two identical, longer side bonds having a lower frequency than the "bending" mode, which involves mainly the stretch of the shorter, base bond. CC energies for the triplet and quintet excited-state structures of the Al 3 − anion, relative to that of the singlet
1 A 1 ͒ ground state calculated by the same method, are found to be significantly higher than those obtained by the PBE0 density functional method. Excitation energy differences between the two methods were 0.26-0.34 eV for the four triplet structures listed in Table I and 0.40 eV for the quintet state. The Al 3 electron affinity ͑EA͒ was predicted to be 0.240 eV lower using PBE0 ͑1.679 eV͒ than CC ͑1.919 eV͒. For Al 3 , the PBE0 energies of the six doublet excited-state structures, which have the same spin multiplicity as the ground state, all fell within Ϯ0.1 eV of the CC value, with an average unsigned difference of only 0.05 eV. For Al 3 , excluding the ͑2͒ 2 B 2 state for which both calculations showed relatively high spin contamination as noted above, the five doublet excited-state structures showed CC excitation energy values from 0.01 eV higher to 0.06 eV lower than the PBE0 values, with an average unsigned difference of only 0.038 eV. However, for the six quartet structures for which CC energies were obtained, the PBE0 energies, relative to the doublet ground state, were 0.13-0. 24 Displacements KЉ, KЈ, and ⌬Q in amu 1/2 Å for the symmetric stretch ͑top row͒ and bend ͑bottom row͒. Asymmetric stretching displacements are zero. The sign convention used here is that a shorter bond in the initial ͑Al 3 − ͒ than in the final ͑Al 3 ͒ state corresponds to a normal mode displacement that is negative for KЉ and positive for KЈ and ⌬Q. Experimentally determined magnitudes of normal mode displacements ͑Ϯ10% ͒ ⌬Q 1 for the symmetric stretch and ⌬Q 2 for the bend, obtained in the parallel mode approximation, with suggested signs, from Paper I ͑Ref. 35, Table II͒. same occupied orbital symmetries. Attempts to identify excited D 3h states with single occupation of a higher-energy nondegenerate 3a 1 Ј or 2a 2 Љ orbital were also not successful using either the PBE0 SCF calculations or the time dependent PBE0 method.
III.B. Photodetachment transitions
Figures 1-3 display simulated photodetachment transitions ͑dashed lines͒ based on the calculated PBE0 geometries and vibrational properties of the Al 3 − and Al 3 states. Following Paper I, 35 the six observed photodetachment transitions are labeled X and Y ͑observed under both room temperature and cooled flow tube conditions͒ and A-D ͑observed only under cooled flow tube conditions͒. In each transition, the position and intensity of the origin band ͑ neutral Ј =0← anion Љ = 0, labeled 0 0 0 ͒ in the simulated spectrum were chosen to match those in the observed spectrum ͑solid line, from Paper I͒. 35 The positions of the other vibronic bands in the same simulated photodetachment transition are shown relative to that of its origin, and their intensities are scaled by the same factor. As in Paper I, no additional intensity scaling based on the electron velocity 55 is applied. Vibronic bands are labeled Table II compares the calculated and experimental ͑in italics͒ results for the observed transitions, assigned as discussed below, for the energies, geometries, vibrational frequencies, and force constants. The GAUSSIAN PBE0 force constants were multiplied by m / ͱ 3, where m is the Al atomic mass, to remove the reduced mass weighting for comparison with the force constants obtained in Paper I using the Wilson GF matrix method. 62 This method was also used in Paper I to obtain the experimental results for the equilibrium geometries listed in Table II , which assumed the PBE0 calculated equilibrium geometry for the X
Table III summarizes, for each of the six observed photodetachment transitions, the calculated JЉ, KЉ, and KЈ matrix elements for the two A 1 C 2v modes ͓Eq. ͑3͒, ͑4͒, and ͑9͔͒. For the calculated KЉ and KЈ elements and the experimental ͑⌬Q͒ normal mode displacement values, which have units of amu 1/2 Å, the first row gives the normal mode displacement for 1 , the symmetric stretch, and the second row for 2 , the bend.
Summaries of the GAUSSIAN output files, which include the results used to generate the Franck-Condon simulations in Figs Table I , the energy difference between the zero point vibrational levels of the two states, i.e., the adiabatic EA of Al 3 , is calculated to be 1.919 eV at the CC level. This result can be further improved through the inclusion of additional terms for corevalence interactions ͑⌬E CV ͒ and relativistic effects ͑⌬E SR ͒.
4
These contributions were found to lower the ground state energy of Al 3 relative to that of Al 3 − ͑i.e., to decrease the EA͒ by 0.021 eV for ⌬E CV and by 0.006 eV for ⌬E SR , giving a total correction of 0.027 eV. The resulting calculated EA of Al 3 is 1.892 eV, as previously reported ͑1.89 eV͒. 4 These improved CC results differ by only 0.024 eV ͑1%͒ from the measured value of 1.916Ϯ 0.004 eV. In contrast, the PBE0 EA of 1.679 eV is 0.24 eV ͑12%͒ lower than experiment.
As indicated in Table II the 245Ϯ 2 cm −1 frequency measured for Al 3 in a neon matrix. 41 As is also noted in the table, f͑r͒ and f͑rr͒, the principal and interaction force constants predicted in the PBE0 D 3h calculations, also agree with the values obtained from the measured frequencies in Paper I.
In contrast to the weak vibrational activity in both the symmetric stretch and the bend observed in transition X ͑Pa-per I, Fig. 3͒ , the calculated spectrum does not exhibit activity in the bend ͑⌬Q 2 = −0.0001 amu 1/2 Å͒ since both states have essentially D 3h equilibrium structures. As indicated in Table III , the calculated symmetric stretching displacement ͑⌬Q 1 = −0.005 amu 1/2 Å͒ is also lower than the measured value ͑Ϯ0.045 amu 1/2 Å͒. However, these differences are small, and the calculated bond length difference of 0.001 Å between the Al 3 − ͑2.508 Å͒ and Al 3 ͑2.507 Å͒ ground states falls within the 0.00Ϯ 0.02 Å difference deduced from the data in Paper I. As has previously been reported, equal bond lengths of 2.544 Å are obtained for the two states at the CCSD͑T͒/aug-cc-pVTZ level, 4 and the present CCSD͑T͒ calculations also find equal bond lengths ͑r e ͒ of 2.527 Å at the QZ and 2.517 Å at the CBS levels. As noted in Paper I ͑Fig. 3͒, the intensities of the 1 0 2 and 1 0 3 stretching overtones are anomalous even in the fitted spectrum, and it is possible that the 1 0 1 and 2 0 1 fundamental band intensities ͑from which the experimental normal mode displacements were obtained͒ may also diverge from the expected Franck-Condon behavior. 3 . 41 The vibrational structure predicted for transition Y is also shown in Fig. 1 ͑short dashed spectrum͒. The agreement with the experimental spectrum is very good, with both spectra displaying a progression in the symmetric stretch with sequence bands in the degenerate bend ͑ 2 ͒ and asymmetric stretch ͑ 3 ͒ ͑e.g., ⌬ 2 = 2 Ј− 2 Љ=0͒ shading each peak to the red ͑low-energy side͒.
III.B.2. Transition Y
As is also the case for transition X, the Al 3 − and Al 3 states are both calculated to have D 3h equilibrium geometries, so ⌬Q 2 = ⌬Q 3 = 0 and odd ⌬ transitions in the two inactive, nontotally symmetric modes have zero calculated intensities. The displacement in the symmetric stretch ͑Table III, ⌬Q 1 ͒ is about 10% lower than measured ͑falling just within the Ϯ10% experimental uncertainty͒, and the simulated transition intensities to the higher 1 Ј levels in Fig. 1 appear too weak. As indicated by Eq. ͑6͒, a 10% difference between the measured and calculated ⌬Q 1 values would correspond to a ϳ0.01 Å underestimate in the calculated bond elongation ͑0.095 Å͒ upon electron detachment. A similar bond elongation of 0.092 Å has been reported based on calculations performed at the CCSD͑T͒/aug-cc-pVTZ level. A, the dashed line in the top panel shows the predicted Franck-Condon spectrum for this transition from the 3 B 2 3 , which involves detachment of the 2b 2 electron. The simulated and experimental spectra ͑solid line͒ agree well, and the calculated adiabatic electron detachment energy of 1.524 eV is close to the observed value of 1.507Ϯ 0.003 eV. As indicated in Table II , the geometry of the 3 B 2 anion state deduced from the data in Paper I ͑2.51Ϯ 0.01 Å, 65.0Ϯ 0.7°͒, which was based on assuming the calculated X 2 A 1 Ј geometry for the neutral species, is also consistent with the 3 B 2 calculated geometry ͑2.504 Å, 64.9°͒. It is interesting to note that the calculated principal force constants for the identical side bonds of the C 2v 3 B 2 state ͑0.739 mdyn/ Å͒ are substantially higher than for the longer base bond ͑0.425 mdyn/ Å͒, despite the small deviation ͑5°͒ from a 60°apex bond angle. The stretch-stretch interaction force constant between the two side bonds ͑f͑rr͒͒ is calculated to be +8% of f͑r͒, and the interaction constant between the side and base bonds ͑f͑rr b ͒͒ is calculated to be −2% of the average value of the two principal force constants.
Since transition A involves a C 2v anion and D 3h neutral molecule, the 2 ϫ 2 A 1 block of the JЉ matrix has significant off-diagonal elements with J 12 =−J 21 = −0.25 and J 1,1 = J 2,2 = 0.97 ͑Table III͒. Thus, the KЉ ͓Eq. ͑4͔͒ matrix elements ͑0.128 and 0.700 amu 1/2 Å͒ differ in magnitude from those obtained in Paper I using the parallel mode approximation ͑⌬Q 1 = −0.33, ⌬Q 2 = −0.64 amu 1/2 Å͒, although the geometry displacements deduced from the latter values agree with those calculated, as noted above. A more direct comparison can be made with the KЈ ͓Eqs. ͑9͔͒ calculated displacements ͑−0.298, −0.646͒, which agree to within experimental error ͑Ϯ10% ͒ with the experimental values. The bottom panel of Fig. 2 displays the simulated Franck-Condon spectrum obtained using these KЈ values and the Hutchisson formulas 60 in the parallel mode approximation, as compared with the SRC treatment in the top panel using KЉ displacements, for the same calculated geometries and vibrational frequencies. Despite the significant off-diagonal JЉ matrix elements, the differences between the two treatments, with respect to the relative vibronic band intensities predicted, are slight. Thus, for the modest degree of mode mixing and vibrational excitation displayed in transition A, the parallel mode approximation appears adequate provided that KЈ displacements are used. That is, the normal mode displacement should be expressed in terms of the normal modes of the upper ͑neutral͒ state ͓Eq. ͑9b͔͒, as has been emphasized by Ervin and co-workers. 53, 54 On the other hand, as shown for transition A in the simulation in the middle panel of Fig. 2 ͑long dashed lines͒, the combination of the KЉ calculated displacements with the parallel mode approximation, as implemented by the Hutchisson method, yields predicted vibronic band intensities that differ significantly from those observed.
As illustrated in Fig. 3 , in contrast to the excellent agreement with experiment obtained for the X Fig. 3 
would also be a oneelectron detachment process and has a calculated detachment energy of 1.615 eV, in better agreement with the observed energy of the transition B origin band. The simulated Franck-Condon spectrum for this transition is shown in the dashed spectrum at the top of Fig. 3 , with its origin aligned with that of the higher-energy transition, C. This simulated transition shows a bending progression whose intensity is weaker than that observed in transition B, and the upper state 3 would also be observed, with a calculated energy of 1.539 eV as noted above. This transition ͑shown in the dashed line in Fig. 3 An alternative assignment of C as the 4 A 2 ← 3 A 2 transition, which would also be a one-electron detachment, can be rejected in view of the dissimilarities between the predicted and observed vibronic band intensity profiles, as shown in the top panel of Fig. 3 . In addition, the corresponding calculated electron detachment energy ͑1.615 eV͒ differs substantially from the observed value ͑1.806 eV͒.
III.B.6. Transition D
The third one-electron transition from the 3 B 2 excited state of Al 3 − predicted to be observed in the 488 nm ͑2.540 eV͒ spectrum accesses the Al 3 2 B 2 3 anion temperature ͑from Paper I͒ of 200 K for this spectrum of anions prepared in the short liquid nitrogen cooled flow tube, this anomalously large increase in the calculated 3 frequency produces a 3 1 1 sequence band to the left ͑blue͒ of the transition D origin in the simulated spectrum. The absence of this feature in the observed spectrum, as well as the large magnitude of the calculated f͑rr͒ interaction force constant ͑Table II͒, suggest that the PBE0 calculation overestimates the 3 frequency in the excited 2 B 2 state of Al 3 . As noted in Paper I, the least squares fits to the origin band positions for transitions D and C gave essentially the same separation ͑0.407Ϯ 0.006 eV͒ as for transitions X and A ͑0.409Ϯ 0.004 eV͒. The corresponding energy splittings are calculated to be 0.395 and 0.444 eV, respectively ͑Table II͒, a difference of only 0.05 eV. As was previously surmised, the nearly perfect agreement between the two measured values appears to be coincidental.
The fourth one-electron transition from the 3 B 2 excited state of Al 3 − that may potentially lie within the 2.54 eV window accessible in the 488 nm photoelectron spectrum involves the detachment of the other ͑␤͒ electron from the doubly occupied 1b 1 anion orbital, to produce a low-spin 2 A 2 Al 3 state with unpaired ␣ and ␤ electrons. States of this type would be intrinsically multideterminantal 68 and are unlikely to be treated accurately by the density functional method employed here. The 488 nm photoelectron spectra do not display any clear evidence for this transition, whose vibronic band intensity profile is likely to be similar to that of transition C.
III.B.7. UV photodetachment transitions
The 193 nm UV photoelectron spectrum displays an additional band, labeled AЈ, at 2.57Ϯ 0.08 eV electron binding energy ͑eBE͒, 36 which was also observed ͑there labeled Y͒ in the earlier 248 nm UV spectrum 37 but is just beyond the energy range of the vibrationally resolved 488 nm ͑2.540 eV͒ spectrum. This feature was originally assigned as a transition from the excited 5 According to the present calculations ͑Table I͒, the adiabatic electron detachment energy for this transition is 2.654 eV ͑CC͒, in agreement with the observed value. In addition, the two-electron nature of this transition would be consistent with the relatively weak observed intensity of the 2.57 eV band. 36 − ground state, which would also be two-electron processes, could contribute to this broad, asymmetric feature. 36, 37 However, the assignment of the 2.57 eV band as due entirely to transitions from the Al 3 − ground state is not consistent with the reported dependence of its relative intensity on the experimental conditions, which suggests that it arises, at least in part, from an excited Al 3 − state 36, 37 or from an impurity anion. 37 Contributions to this feature from the ex- 4 A 2 ͒ quartet states listed͔ are also expected to be unobservable, as these would involve three-electron processes. The species predicted near ϳ2.4 eV include two pairs of Jahn-Teller doublets, each with one electron in the degenerate D 3h 1eЉ ͑2b 1 ,1a 2 ͒ orbital. ͑As noted in Sec. III.A, the ͓ 2 B 1 ͔ saddle point could not be calculated using the PBE0 method.͒ These four structures are accessible from the Al 3 − anion by two-electron processes and may be observable in the UV spectrum, as suggested by the observation in the 488 nm spectrum of transition B, which also involves a two-electron process. The next higher-energy Al 3 state in Table I 
While vibrational levels at these high energies are unlikely to conform to the harmonic oscillator model, this example illustrates that photodetachment transitions whose origin bands are calculated to lie in the ϳ4.3 eV region may actually be observed several tenths of an eV higher in energy.
In accord with these predictions, the 193 nm UV photoelectron spectrum of Al 3 displays no photodetachment transitions above the 2.57 eV band ͑AЈ͒ discussed above, until about 4.3 eV. 36 In this vicinity, three photodetachment transitions assigned as arising from the Al 3 − ground state are observed, with estimated adiabatic electron detachment energies reported as 4.28Ϯ 0.08 ͑"B"͒, 4.60Ϯ 0.08 ͑"C"͒, and 4.90Ϯ 0.08 eV ͑"D"͒. 36 well as the nearby pair in which the 2a 1 Ј͑3a 1 ͒ rather than the 1a 2 Љ͑1b 1 ͒ orbital is doubly occupied, appear to provide possible assignments for the high energy transitions in the UV photoelectron spectrum.
III.C. Natural bond order analysis
Natural bond order ͑NBO͒ analysis 69 has been used to gain insight into the bonding in bare and partially ligated metal dimers. 70, 71 NBO analyses were done in GAUSSIAN for the PBE0 calculated ground states of Al 3 and Al 3 − at their D 3h equilibrium geometries. The 3CBOND keyword was activated to search for three-center bonds.
As is detailed in Table S 2 A 1 ͒ ground state also finds a two-electron, three-center out-of-plane bond, as well as a three-center in-plane bond with essentially the same description as for the anion ͑85% p, 9% s͒, but now occupied by only one ͑␣͒ electron. This occupation of the two threecenter orbitals is as expected based on the ͑1a 2 Љ͒ 2 ͑2a 1 Ј͒ 1 electron configuration. Surprisingly, however, three additional bonds are also identified for the ␤ electrons. These include a three-center bond ͑occupancy 1.00 electron͒ involving the 3s orbital on one Al atom and the 3p x,y orbitals on the other two atoms, as well as two two-center bonds ͑each ϳ50% s, ϳ50% p͒ between the latter two atoms ͑0.77 and 0.69 electrons͒. These results suggest the need for caution in interpreting NBO descriptions for bare, cyclic metal trimers. Qualitatively, however, they suggest that the detachment of a 2a 1 Ј bonding electron ͑primarily p in character͒ from Al 3 − may be offset by an increased bonding participation of the 3s orbitals, an idea that is discussed further in Sec. IV.C.
III.D. Dissociation energies
Table IV summarizes the calculated bond dissociation energies, obtained at the CC level, and compares these results with the experimental values, which are also discussed in Sec. V.C of Paper I. 35 At the top left of the table, the calculated total energies are listed ͑in hartrees͒ without zero point contributions. For comparison with experiment, the calculated molecular EAs, ionization energies ͑IEs͒, and dissociation energies ͑D 0 ͒, given in eV, include the contributions of the PBE0 zero point energies listed at the top of one which used the same CC method ͑87.74 kcal/ mol = 3.805 eV͒. 4 As described in that paper, the addition of terms incorporating core-valence interactions ͑⌬E CV ͒ and relativistic effects ͑⌬E SR ͒ for Al 3 and Al, as well as a spinorbit correction for the 2 P 1/2 ground state of Al ͑⌬E SO ͒, were found to lower the calculated D 0 value by 0.047 eV ͑1.09 kcal/ mol͒ to 3.758 eV ͑86.65 kcal/ mol͒. 4 As noted in Table IV , the calculated EAs agree well with experiment, and the difference between the Al 3 − and Al 3 atomization energies, which is equal to that between the Al 3 and Al EA values, is also in good agreement ͑1.477 eV, calculated; 1.483Ϯ 0.004 eV, measured͒. The predicted dissociation energy of Al 2 ͑D 0 = 1.421 eV͒ is close to the measured value ͑1.34Ϯ 0.06 eV͒. 43 The calculated dissociation energy of Al 2 − ͑X 4 ⌺ g − ͒ to form Al͑ 2 P͒ +Al − ͑ 3 P͒ is 2.519 eV, only slightly above the estimated error bar of the 2.37Ϯ 0.12 eV experimental value. The latter value is obtained using the following thermochemical cycle, and thus it depends on the Al 2 EA: Table IV were obtained from those of Al 3 ͑and Al 2 ͒ combined with the measured IEs, using the following thermochemical cycles:
For example, the experimental Al 3 + atomization energy, which depends on the IE values of Al 3 ͑Ref. 42͒ and Al, 75 is 3.23Ϯ 0.16 eV assuming the 2.403 eV D 0 ͑Al 2 -Al͒ value 38 and 3.53Ϯ 0.17 eV assuming the 2.703 eV value. 39 The calculated 3.224 eV Al 3 + atomization energy agrees with the former value but is 0.31 eV lower than the latter.
The Al 3 IE is predicted to be 6.558 eV, a result slightly larger than the bracketed experimental value, which has a lower bound of 6.42 eV and an upper bound of 6.5 eV. 42 Since the experimental IE values for Al ͑Ref. 75͒ and Al 2 ͑Ref. 76͒ and the EA measurements for Al ͑Ref. 74͒ and Al 3 , 35 which have relatively small uncertainties, all agree with the calculated values to within 0.02 eV, it appears likely that the IE of Al 3 is also quite close to its 6.56 eV calculated value.
The discrepancies between the computational predictions and the experimental measurements for the dissociation energies of Al 3 , Al 3 − , and Al 3 + are discussed further in Sec. IV.A.
IV. DISCUSSION
The results in Sec. III confirm the spectroscopic assignments proposed in Paper I ͑Ref. 35͒ and in previous computational studies 1, 3, 5 for the photodetachment transitions observed in the vibrationally resolved 488 nm photoelectron spectrum of mass-selected Al 3 − . For the two states of Al 3 − and four states of Al 3 observed in this spectrum, the com-parisons between experiment and theory, summarized in Table II , further validate the abilities of these calculations to accurately predict the ground and excited state properties of Al 3 and Al 3 − . For the two states of Al 3 − and three states of Al 3 for which experimental measurements of the symmetric stretching and bending vibrational frequencies are available, seven of the ten calculated values agree with experiment to within 11 cm −1 and two of the remaining values agree to within 20 cm −1 . The calculated equilibrium geometries for the six observed states also agree, to within the estimated experimental uncertainties, with the geometry differences deduced from Franck-Condon fits to the vibronic band intensity profiles in the photoelectron spectrum. This consistency is also exhibited by the close similarities between the calculated and observed photodetachment transitions in Figs. 1  and 2 . For the CC energy calculations, the calculated EA of Al 3 , as well as the energies of the four observed excited states of Al 3 or Al 3 − relative to their respective ground states, all agree with the corresponding experimental results to within 0.03 eV ͑0.7 kcal/ mol͒.
IV.A. Al 3 dissociation energy and reinterpretation of the R2PI spectrum
In view of these results, it is quite surprising that the bond dissociation energies of Al 3 and Al 3 − predicted here and elsewhere 4,5 using high-level wave function methods differ by as much as 0.4 eV from the currently recommended experimental values. These comparisons are tabulated in the rightmost column ͑"Expt.− Calc." ͒ at the bottom of Table  IV . To further investigate possible sources of these inconsistencies, we first describe the R2PI spectroscopic results upon which the experimental dissociation energies of Al 3 ͑and indirectly those of Al 3 − and Al 3 + also listed in Table IV͒ are based. 38 We then suggest a reinterpretation of these spectroscopic results that implies dissociation energies more consistent with the computational predictions.
The R2PI study of Al 3 reported an excited state with observed vibrational levels ജ16 610 cm −1 ͑ഛ6020 Å͒ above the lower-energy ͑initial͒ electronic state detected, which was originally assumed to be the ground state. 38 An extended progression was detected in a mode with vibrational constants of e = 273.2͑+2.58n͒ Ϯ 0.6 cm
and e x e = 1.29Ϯ 0.05 cm −1 in the upper state, where n is the vibrational quantum number in this state of the first observed band. Weaker features lying ϳ133 cm −1 to the low-energy side of 9 of the 11 observed members of this progression were assigned as vibrational hot bands, giving a fundamental frequency of 132.60Ϯ 0.85 cm −1 in the lower electronic state. Additional bands lying ϳ205 cm −1 to the high-energy side of seven of the members of the main progression were assigned to a second active vibrational mode having a frequency of 204.74Ϯ 0.94 cm −1 in the upper state. The R2PI experiments also observed an apparent continuum absorption underlying the discrete band system at wavelengths below about 5400 Å ͑տ18 500 cm −1 ͒. For the vibrationally resolved transition, neither the original study 38 nor a subsequent, higher resolution ͑0.005 cm −1 ͒ R2PI study 40 was able to resolve the rotational structure, implying 40 It was concluded that this short lifetime is due to its rapid nonradiative decay into the dense manifold of states associated with the unstructured absorption. 38 On the other hand, in the 19 300-19 000 cm −1 region, excitation into either this quasicontinuum, or into the overlapping discrete bands, required unusually long lifetimes of 24-35 s for relaxation back to the ground state, as measured by varying the delay between the excitation and subsequent ionization laser pulses. 38 It was postulated that the unstructured absorption is associated with a highly distorted, linear or nearly linear Al 3 excited state, whose poor Franck-Condon factors for relaxation back down to the D 3h ground state account for the microseconds-long delay.
The original R2PI study reported an upper limit for the Al 3 bond dissociation energy to form Al 2 and Al in their ground states as D 0 ͑Al 2 -Al͒ = 19 378Ϯ 10 cm −1 ͑2.403Ϯ 0.001 eV͒. 38 This measurement was based on the abrupt loss of the Al 3 + parent ion signal at shorter wavelengths, indicating the onset of predissociation above this energy. Since both the continuous and the discrete transitions ceased to be observed at the same energy, indicating the same predissociation threshold, it was concluded that both absorptions arise from the same lower electronic state of Al 3 . 38, 39 This was assigned as the ground state in the original analysis, which reported the D 0 value as an upper limit in view of the possibility that this photodissociation might produce electronically excited Al 2 photofragments. 38 In a subsequent reanalysis of the spectrum, it was argued that the abrupt cutoff did indeed correspond to the thermochemical threshold, with no barrier to dissociation to the Al 2 ͑X 3 ⌸ u ͒ +Al͑ 2 P͒ ground state fragments. 39 However, the initial state of Al 3 probed in the R2PI study was reassigned as the excited 4 A 2 state rather than the ground state. 39 This new assignment took into account the 488 nm photoelectron data described in Paper I, which reports an energy of 0.300Ϯ 0.004 eV and a bending frequency of 140Ϯ 10 cm −1 for this quartet Al 3 excited state. It was noted that the 4 A 2 frequency is consistent with the ϳ133 cm −1 hot band intervals in the R2PI spectrum, whereas the Al 3 ground state lacks a similar frequency. 39 With the reassignment of the initial state probed in the R2PI spectrum as the 4 A 2 state, the photodissociation threshold was increased by the 4 A 2 energy to give the currently recommended value for the D 0 ͑Al 2 -Al͒ dissociation energy. 39 Thus, the assignment of the ϳ133 cm −1 intervals in the R2PI spectrum as vibrational hot bands arising from the = 1 bending vibrational level in the initial Al 3 electronic state was the key motivation for its reassignment as the 4 A 2 state and for the consequent augmentation of the Al 3 dissociation energy by the ϳ0.3 eV energy of this excited state. Below, we argue that this vibronic band assignment scheme 38, 39 is not consistent with the data, and we propose an alternative set of assignments. In this discussion, vibronic bands will again be labeled as Љ Ј , where = 1 for the symmetric stretch, = 2 for the bend, and = 3 for the asymmetric stretch; Љ is the vibrational quantum number of mode in the initial 3 , would not be active in a transition between C 2v and/or D 3h states, as noted earlier, we focus here on the symmetric stretching and bending modes.
One possible assignment, proposed in the original paper, 38 is that the 133 cm −1 intervals are sequence bands in the same mode that gives rise to the main progression, which was labeled 1 but was not specifically identified as the symmetric stretch or the bend. With this assignment, as given in Table I 39 implies that the mode associated with the main progression in ϳ273 cm −1 intervals is also the bend. Thus, this assignment implies that of the two upper state frequencies reported, 273 cm −1 is the bending and 205 cm −1 is the symmetric stretching frequency. This would be a reversal of the usual ordering in which the symmetric stretch has a higher frequency than the bend, as is observed for all five vibrationally resolved states of Al 3 or Al 3 − in the photoelectron spectrum ͑Table II͒. The reversed order can occur if the apex bond angle in the upper state is less than 60°, as is calculated for the four Jahn-Teller saddle point structures of Al 3 included in Table I . However, the observed vibrational activity is then not consistent with a transition from the 4 A 2 state, which is calculated to have a short bond length of 2.58 Å and a bond angle of 69°. In a transition from the 4 A 2 state to a state with an apex bond angle of Ͻ60°, not only the bending but also the symmetric stretching mode is expected to display strong activity. For example, for all of the calculated states in Table  I in which the symmetric stretching frequency is lower than that of the bend, the length of the identical side bonds is calculated to be at least 2.72 Å. This large change from the 4 A 2 bond length would produce an extended symmetric stretching progression. However, the R2PI spectrum shows an extended progression only in the 273 cm −1 mode. The progression in the 205 cm −1 mode is weak, with transitions observed only to the Ј= 1 upper state level.
Alternatively, one may consider a scheme in which the main progression is assigned as the symmetric stretch ͑1 0 m ͒, the 205 cm −1 intervals as the upper state bending frequency, and the 133 cm −1 intervals as 2 1 0 hot bands in the bending mode of the initial 4 A 2 state as suggested. 39 From a consideration of the harmonic Franck-Condon factors for these two transitions in the parallel mode approximation, 60 the intensity of the 1 0 m 2 1 0 hot band is expected to be equal to that of the 1 0 m 2 0 1 combination band multiplied by two terms. These are the Boltzmann factor for the 2 Љ= 1 level ͑relative to that of the zero point level͒ in the initial electronic state ͑0.53 for a 133 cm −1 vibrational level at 300 K͒ and the ratio of the vibrational frequencies in the upper and lower states 60 ͑Ј / Љ = 1.54 for 2 Ј= 205 cm −1 , 2 Љ= 133 cm −1 ͒; the product of these two terms is 0.81. In the independent mode approximation, the Franck-Condon factors for different vibrational modes ͑ 1 and 2 ͒ are simply multiplied together. Thus, for an assumed vibrational temperature of 300 K, the 1 0 m 2 1 0 hot band is expected to be about 80% as intense as the 1 0 m 2 0 1 combination "cold" band accessing the same upper state 1 Ј = m level. At the lower limit of the estimated vibrational temperature range of 200-300 K, 38 this value would be reduced to about 60%. However, it is observed, particularly for the lower-energy transitions ͑e.g., m = n + 2 and n +3͒ in the R2PI spectrum, that the bands 133 cm −1 to the low-energy side of the 1 0 m are more intense than the corresponding 1 0 m 2 0 1 combination bands. 38 These considerations argue against the assignment of the 133 cm −1 intervals as due to 1 0 m 2 1 0 hot bands.
We propose instead the following assignment scheme for the vibrationally resolved R2PI transition. The initial state is assigned as the Al 3 ground state, in agreement with the original assignment. 38 The main vibrational progression ͑1 0 m ͒ is assigned as the symmetric stretch ͑ 1 ͒, whose intervals give a vibrational frequency of 273 cm −1 As a test of this ground state assignment, one would predict sequence bands in the symmetric stretch ͑1 1 m+1 ͒ to appear to the red of the 1 0 m+1 bands and to be spaced from them by the Al 3 ground state symmetric stretching fundamental frequency of 357Ϯ 10 cm −1 . The observation of these symmetric stretching sequence bands requires that the 1 Љ=1
level be sufficiently populated, and their intensities would vary with different cluster source conditions. Although these 1 1 m+1 sequence band intervals are not observed in the original R2PI experiment, they do appear to be present in a subsequent, higher resolution spectrum. 40 This R2PI spectrum displays a weak, unassigned band 85 cm −1 61 provide additional support for the proposed assignments.
The equilibrium bond length of the Al 3 excited state in the vibrationally resolved R2PI transition cannot be determined by a Franck-Condon fit to the spectrum since the origin is not identified and the vibronic band intensities are uncorrected for the dye laser intensity. 38 Since the upper state symmetric stretching frequency ͑ϳ273 cm −1 ͒ is much lower than that of the ground state ͑357Ϯ 10 cm −1 ͒, it is likely that the upper state bonds are longer ͑corresponding to a positive value of the symmetric stretching normal mode displacement͒. The simulation in Fig. 4 assumes a This result is also sensitive to the use of anharmonic versus harmonic potentials in calculating the Franck-Condon factors. In Fig. 4 The R2PI spectrum provides several clues to the identity of the Al 3 excited state accessed in the vibrationally resolved transition. Since it is observed in a bound-bound optical transition from the doublet ground state, it can be assumed also to be a doublet state. In addition, if it is a D 3h state as suggested above, it is likely to have equal occupation of any doubly degenerate eЈ or eЉ orbitals. Both of these considerations argue against the previously proposed 4 EЈ͑ 4 A 1 , 4 B 2 ͒ quartet state assignment. 5 In the UV anion photoelectron spectrum, a transition from the Al 3 − ground state to the R2PI excited state would appear ͑adding the 1.92 eV EA͒ at an electron detachment energy of 3.98 eV for the first observed 1 0 n band at 2.06 eV, and at 4.30 eV for the more intense 1 0 n+10 band at 2.38 eV. The UV photoelectron spectrum does display a broad band at 4.30 eV. As discussed in Sec. III.B.7, however, a D 3h state at this energy, which is accessible from the Al 3 − anion in a one-or two-electron process, was not identified in the present calculations.
One possibility for the D 3h excited R2PI state is one in which two degenerate orbitals are both singly occupied. Such a state would require a three-electron process to be accessed from the Al 3 − ground state, so it would not be expected to be observed in the UV anion photoelectron spectrum. From the Al 3 ground state, however, accessing this state would require a two-electron excitation ͑upon absorption of a single photon͒, a transition that might be observable. In the present photoelectron spectrum, weak transition B is firmly assigned as the 2 A 2 Љ͑ 2 B 1 ͒ ← 3 B 2 transition, which involves a twoelectron process, and several such processes are discussed here and in previous studies 1, 5 as possible assignments for some of the bands in the UV photoelectron spectra. 36, 37 A doubly excited character might account for the weak intensity reported for the R2PI spectrum, which had been attributed to the low population of the excited 4 A 2 state in the pulsed supersonic expansion when this was thought to be the initial state. 39 
IV.B. Validity of Franck-Condon simulation methods
In their introduction of the method ͑referred to here as the SRC method͒ to simulate Franck-Condon photoelectron spectra directly from the output of GAUSSIAN calculations, Chen and co-workers compared simulation methods with and without incorporation of Duschinsky rotation. 57 They concluded that the Franck-Condon factors are "wrong by an order of magnitude in the parallel mode approximation…. It is clear that neglect of the Duschinsky rotation is the cause of serious error." 57 Thus, it is interesting that in the present study of the Al 3 − photoelectron spectrum, in which FranckCondon analyses are performed using the programs FCFGAUS and PESCAL by Ervin, Lineberger, and co-workers, [52] [53] [54] [55] such dramatic inconsistencies are not observed. As shown in Fig.  2 , the analyses reported here employing the SRC method with KЉ normal mode displacements ͓Eqs. ͑2͒-͑5͔͒ or the parallel mode approximation with KЈ displacements ͓Eqs. ͑7͒-͑9͔͒ are found to provide mutually consistent results. This is true even for transitions A and B ͑Secs. III.B.3 and III.B.4͒ which, as indicated in Table III , have JЉ Duschinsky rotation matrices with significant off-diagonal elements. The compatibility of the two approaches is also evident in Table  III , in which the normal mode displacements ͑⌬Q͒ obtained in Paper I by Franck-Condon fits to the spectra employing the parallel mode approximation are compared with KЈ displacements predicted from the PBE0 calculated geometries and vibrational properties.
As a further check on the consistency of these methods, Sec. S-III.H of the Supporting Information 61 provides a comparison of Franck-Condon simulations of the CCl 2 + ← CCl 2 photoelectron spectrum that forms the basis for the conclusions quoted above. 56, 57 As shown in Fig. S3͑a͒ and S3͑b͒, 61 it is found that for the originally reported GAUSSIAN 90 predictions, 56,57 the simulated Franck-Condon spectrum obtained using the parallel mode approximation ͑with KЈ displacements͒ displays an intensity maximum quite similar to that obtained using the SRC method ͑with KЉ displacements͒, consistent with the results obtained here for the Al 3 ← Al 3 − photoelectron spectrum. We conclude therefore that the quoted conclusion is based on an erroneous calculation.
These results for the Al 3 − and CCl 2 photoelectron spectra support the observation 53, 54 that calculated KЈ displacements are appropriate for use in combination with the parallel mode approximation when this method is preferred in order, for example, to compare predicted normal mode displacements with those reported in experimental studies assuming this approximation. Based on spectroscopic data, fitted normal mode displacements can be used to deduce the differences between the equilibrium geometries of the two electronic states, and these differences can be compared with those calculated, as is also done here. However, the deduction of geometry differences from Franck-Condon spectral intensities often requires assumptions concerning force constant values and the relative signs of different normal mode displacements, as discussed in Paper I. Thus, comparison of calculated KЈ displacements to measured normal mode displacements reported in experimental studies from FranckCondon fits to the spectra in the parallel mode approximation can provide a more direct evaluation of the extent of agreement between theory and experiment. This common basis of comparison can be especially useful in studies of systems, such as clusters of open d-shell transition metals, for which accurate normal mode descriptions from spectroscopic or computational studies may not be available when the photoelectron ͑or other Franck-Condon͒ spectra are initially reported.
A further improvement in Franck-Condon spectral simulation methods based on computational predictions is the incorporation of the effects of vibrational anharmonicities. HOMO. This orbital of the anion 2 involves mainly the inphase combination of an in-plane 3p orbital on each atom, directed toward the center of the triangular cluster. Figure  5͑a͒ depicts the square of this orbital, as calculated at the PBE0/MG3 level, showing isodensity contours in the molecular plane. The distribution of electron density in the internuclear regions is consistent with a bonding description for this orbital. This description is also in accord with the NBO analysis in Sec. III.C, which describes this as a threecenter, two-electron bonding orbital which is primarily 3p in character. It is therefore surprising that the detachment of an electron from the 2a 1 Ј Al 3 − orbital produces virtually no change in the equilibrium bond length or vibrational frequencies, as indicated by a comparison of these properties for the Al 3 − and Al 3 ground states in Table II 72, 73 or Al − ͑0.433 eV͒. 74 As noted in Sec. III.D, the difference between the Al 3 − and Al − values also implies that the atomization energy of Al 3 − ͑to form 2Al +Al − ͒ exceeds that of Al 3 by 1.483Ϯ 0.004 eV ͑34.2Ϯ 0.1 kcal/ mol͒. In view of these considerations, the 2a 1 Ј ͑3a 1 ͒ Al 3 − anion HOMO can be considered to be bonding from an energetic standpoint. Thus, this orbital can be dualistically described as both energetically stabilizing and geometrically nonbonding.
Some insight into this apparent paradox may be gleaned from Fig. 5͑b͒ , which illustrates the difference between the total electron densities calculated for the Al 3 − and Al 3 ground states, ⌬͑ 2 ͒. These results were obtained from single-point PBE0 calculations at the average ͑before rounding͒ bond length ͑2.5071 Å͒. As compared with a description in terms of a single MO from which the electron is detached, an ionneutral total electron density difference ͑INTEnDeD͒ distribution can offer a more authentic description of the changes in electronic structure accompanying electron detachment because it refers to a physical observable, the electron density. This difference includes orbital relaxation effects and is not restricted to a description of the electron detachment process in terms of Koopmans' approximation, which is notoriously poor for negative ions. A recent DFT study of changes in the bonding properties of transition metal complexes upon oxidation also analyzed the electron density difference ͑for the neutral versus cationic species͒, 82 there referred to as the finite difference Fukui function. 83 The total electron density difference plot in Fig. 5͑b͒ displays isodensity contours in the molecular plane, for the same magnitudes as in Fig. 5͑a͒ ͑0 .010, 0.005, 0.002, and 0.001 e a 0 −3 , where a 0 denotes a bohr͒, but includes negative values. In Fig. 5͑b͒ , the dark lines, labeled by positive isodensity values, represent regions of decreased electron density in Al 3 as compared to Al 3 − . As compared with the HOMO electron density plot in Fig. 5͑a͒ , the contours in Fig.  5͑b͒ show a more modest loss of electron density in the internuclear regions upon electron detachment. In addition, as indicated in Fig. 5͑b͒ by the light gray contours, there are also areas near the internuclear regions in which the electron density is calculated to increase upon electron detachment. This surprising aspect of the total electron density difference distribution is further illustrated in Fig. 5͑c͒ , which shows Ϯ0.0015 e a 0 −3 isodensity contours with the molecule rotated by 45°, with the light areas again representing regions of greater electron density in Al 3 than in Al 3 − . The gain in electron density near the Al-Al bonding regions upon electron detachment may reflect an increased participation in the bonding of orbitals of primarily 3s atomic parentage, as is qualitatively suggested by the NBO results described in Sec. III.C. These orbital relaxation effects may partially offset the loss of electron density in the bonding regions and contribute to the nonbonding character of the 2a 1 Ј photodetachment transitions. A reinterpretation of the vibronic structure in the R2PI spectrum of Al 3 38,40 is proposed ͑Fig. 4͒, which supports the original 38 ground state assignment for the initial ͑lower͒ state probed in that experiment rather than the subsequent assignment to the excited 4 A 2 state. 39 The structure in the vibrationally resolved transition is interpreted in terms of a progression in the symmetric stretch with the bending ͑and asymmetric stretching͒ modes having no normal mode displacements. These results suggest that the excited state accessed in the R2PI spectrum, like the ground state, has a D 3h geometry. Several possible clues to its identity are summa- [56] [57] [58] ͑with KЉ displacements͒ also agree well with the observed spectra. These results illustrate that use of the parallel mode approximation in interpretations of experimental photoelectron spectra, as is required for systems for which the information needed to characterize Duschinsky normal mode rotations is unavailable, can provide meaningful normal mode displacements and equilibrium geometry differences among the observed states. Of greater concern may be the assumption in both methods of the harmonic approximation ͑which, fortunately, appears adequate to model the photoelectron spectrum͒. For many systems, incorporation of vibrational anharmonicity as well as Duschinsky effects on Franck-Condon intensities based on computational studies is likely to be important in achieving good agreement with experiment.
V. SUMMARY AND CONCLUSIONS
CCSD͑T͒/CBS
The photodetachment transition between the Al 3 − and Al 3 ground states suggests that the 2a 1 Ј͑3a 1 ͒ HOMO of the anion can be described as nonbonding from the standpoint of its slight effects on geometrical and vibrational properties ͑Table II͒ but as bonding based on energetic criteria ͑Table IV͒. This dualistic character is further explored in Figs. 5͑b͒ and 5͑c͒ through the use of ion-neutral total electron density difference distributions, which depend on 2 , a physical observable. These plots reveal a region in which the electron density increases upon detachment of an electron from the 2a 1 Ј anion HOMO, perhaps due to increased 3s contributions to the bonding. This orbital reorganization may partially offset the loss of bonding electron density and contribute to the nonbonding character of this photodetachment transition. These results for a well-characterized main group metal trimer, in which the 3p and 3s valence orbitals can contribute to the bonding, may find analogies in studies of the more computationally challenging, multiply bonded transition metal clusters, which can display both ns and ͑n −1͒d bonding contributions.
SUPPORTING INFORMATION AVAILABLE
Section S-I. CCSD͑T͒ and PBE0 calculations: Further details concerning spin contamination and T 1 diagnostics ͑Table S-I͒ and NBO analyses ͑Table S-II͒. 61 Section S-II. Al 3 R2PI spectrum: Additional discussion of the simulated spectra and comparisons with the observed spectra ͑Figs. S1 and S2͒. 
